Current classification criteria for antiphospholipid syndrome (APS) requires positivity in at least one of three assays: the anticardiolipin (aCL) immunoassay, the anti-β2 glycoprotein I (anti-β2GPI) immunoassay, or the lupus anticoagulant (LA) coagulation assay.
1
The limited specificity of aCL and the limited sensitivity of anti-β2GPI immunoassays in the diagnosis of APS have stimulated an interest in the development of assays with improved performance characteristics in this regard. 2 Several newer aCL assays, with changes in assay format as well as inclusion of β2GPI as a reagent, have demonstrated an increased specificity on a similar order to anti-β2GPI assays. 3 Several "noncriteria" assays have also been developed over the past two decades, including those that detect antibodies directed against negatively charged phospholipids other than cardiolipin, such as phosphatidylserine (PS) and phosphatidylinositol (PI). 4 Another such assay is the antiphospholipid mixture (APhL) enzyme-linked immunosorbent assay (ELISA), a commercially available immunoassay (Louisville APL Diagnostics, Texas City, TX) that detects antibodies to a mixture of negatively charged phospholipids.
Previous studies have shown that aCL antibodies have a high concordance with antibodies reactive against other negatively charged phospholipids (PLs)-namely, antiphosphatidylserine (anti-PS), antiphosphatidylinositol (anti-PI), and anti-phosphatidic acid (anti-PA). 5, 6 DOI: 10.1093/ajcp/aqy003 © American Society for Clinical Pathology Given this broad overlap, the role of anti-PS, anti-PI, and anti-PA as independent markers for APS has been called into question. However, despite this cross-reactivity, there is evidence that these aPLs have some relevance in identifying several clinical manifestations of patients with APS, particularly obstetric-related morbidity. 7, 8 It seems clear that so-called high positivity in aCL and anti-β2GPI assays imparts a higher risk for thrombotic and obstetric manifestations in patients with APS than "low positivity," [9] [10] [11] but there is little available evidence to suggest that the same is true of other antibodies reactive against negatively charged PLs. The diagnostic usefulness of assays that measure these "noncriteria" antibodies thus remains a source of ongoing debate.
While the APhL assay was developed somewhat later than other assays that measure antibodies against negatively charged phospholipids, both commercial and independent studies report that this assay shows similar sensitivity and improved specificities compared with aCL assays in defining APS. 12, 13 This assay was also shown to perform similarly to anti-β2GPI assays in terms of specificity but showed greater sensitivity. 13 However, studies of the APhL assay have been performed largely in infectious disease populations. While studies investigating the assay's performance in autoimmune populations are fewer, they demonstrate its superior ability to identify patients with APS and related clinical manifestations compared with criteria assays. 14, 15 However, the performance of the APhL assay, which uses a mixture of negatively charged PLs, has not been evaluated with respect to the performance of other negatively charged PL assays using only a single PL relative to criteria aPL assays.
The purpose of this study was to evaluate the performance characteristics of "noncriteria" anti-PS, anti-PI, and APhL ELISA assays (immunoglobulin G [IgG]/immunoglobulin M [IgM]) compared with the criteria aPL immunoassays aCL and anti-β2GPI (IgG/IgM) in identifying APS-related clinical manifestations in a large group of patients with aPL-related diseases.
Materials and Methods

Characteristics of the Study Population
Serum samples were obtained from 548 patients from five patient groups. These groups included two independent systemic lupus erythematosus (SLE) cohorts: the Hopkins lupus cohort (Johns Hopkins University, Baltimore, MD) (n = 352) and the Jamaican SLE cohort (n = 47) selected randomly, as well as the first patients enrolled in 2012 from the PROMISSE (Predictors of pRegnancy Outcome:
bioMarkers In antiphospholipid antibody Syndrome and Systemic lupus Erythematosus) study group (n = 92). A well-characterized group of patients with APS meeting current APS classification criteria (n = 29) evaluated at the Antiphospholipid Standardization Laboratory at the University of Texas Medical Branch was included as well. A group of control patients (n = 28) was also obtained from the Antiphospholipid Standardization Laboratory, including negative (n = 18), infectious disease (n = 3), and autoimmune disease (n = 7) patients.
The Hopkins lupus cohort is a longitudinal study of lupus activity, organ damage, and quality of life of patients with SLE. In addition to the Revised American College of Rheumatology SLE classification criteria, 16 patients in this cohort were also evaluated based on the presence of classic APS clinical manifestations as defined by the updated consensus APS classification criteria. 17 The Jamaican SLE cohort is a longitudinal study of lupus activity and quality of life in patients with SLE routinely evaluated at the University of the West Indies, Mona in Kingston, Jamaica, composed primarily of patients of Afro-Caribbean descent. The PROMISSE cohort is an ongoing, prospective observational study with over 700 pregnant patients enrolled between September 2003 and August 2014 who are grouped and analyzed according to the presence or absence of aPL antibodies, preexisting SLE, and several proinflammatory mediators in an attempt to identify mechanisms and predictors of poor maternal and fetal outcome.
The Antiphospholipid Standardization Laboratory is a reference laboratory based at the University of Texas Medical Branch that routinely evaluates serum and plasma samples from patients referred for APS evaluation. For all patients, we examined classical manifestations of APS as per the revised Sapporo criteria, including arterial thrombosis, venous thrombosis, miscarriage, and preterm delivery due to preeclampsia, eclampsia, or placental insufficiency.
The samples used in this study were taken from cohort storage repositories maintained at -20°C, and as such, several samples were previously unfrozen at least once before. The institutional review boards from the respective institutions approved the use of samples and clinical data from all patients. This study was conducted following the Declaration of Helsinki guidelines for inclusion of humans in research. All participants provided informed consent.
Antiphospholipid Antibody Testing
aCL IgG and IgM were evaluated using an in-house ELISA method as previously described. 18 The aCL assay Performance of the anti-β2GPI IgG and IgM assays was evaluated using 256 and 313 healthy donors. The package inserts for these assays do not outline the statistical method used to determine cutoffs. All assays were performed manually according to the manufacturer's instructions and were considered positive when titers were above their preestablished cutoff points.
Statistical Analysis
Comparison of demographic and clinical characteristics across cohorts was evaluated using one-way analysis of variance with a post hoc Tukey test for multiple pairwise comparisons. Qualitative interassay agreement was calculated using κ analysis and quantitative agreement measured with Spearman rank correlation coefficient. The χ 2 analysis evaluated the associations between aPL positivity and APS clinical manifestations, and odds ratios (ORs) with 95% confidence intervals (95% CIs) indicated the strength of these associations. To determine the effect of antibody titer on clinical associations, the numerical value for each assay was categorized into negative, low, medium, and high positive ranges for further analysis. For aCL, anti-PS, and anti-PI assays, the low, medium, and high positive ranges were classified as 20 to 39, 40 to 79, and 80 or more GPL/MPL, respectively.
9,19
The calibrators for the anti-PS and anti-PI assays were developed by Louisville APL Diagnostics in a similar fashion to the Harris standards used for aCL assays, and all three assays have the same analytical range; therefore, the currently accepted positivity ranges for aCL were used for all three assays. Since the development of calibrators for the APhL and anti-β2GPI assays was not similar to the Harris standards, the values denoting low, medium, and high positive ranges for the APhL and anti-β2GPI assays were determined by subtracting, in each assay, the cutoff value from the upper limit of the analytical measuring range and dividing into three approximately equal ranges. For the APhL and anti-β2GPI assays, these ranges were classified as 15 to 79, 80 to 139, and 140 or more GPL/MPL and 20 to 59, 60 to 99, and 100 or more SGU/SMU, respectively. Multivariate analysis to determine the most clinically relevant assays for identification of each clinical manifestation was performed using forward stepwise logistic regression. The diagnostic performance of each kit with respect to manifestations was evaluated by calculating sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). Receiver operating characteristic (ROC) analysis of each assay was also used to determine area under curve (AUC) values for the various clinical manifestations. The analysis was performed using the xlstat software, version 16.6 (Addinsoft, New York, NY), and results were considered statistically significant if P values were less than .05 (P < .05).
Results
Patient Demographics and Clinical Data
The mean ages of patients in the various cohorts ranged from 31.7 to 46.8 years. The PROMISSE cohort had the youngest patient population, comprising entirely pregnant women. While both the Hopkins (92.0%) and Jamaican (97.9%) SLE cohorts, as well as the PROMISSE cohort (100%), were overwhelmingly female, the female plurality of the APS (72.4%) and control (60.7%) patient cohorts was less marked. The Hopkins cohort consisted DOI: 10.1093/ajcp/aqy003 © American Society for Clinical Pathology largely of white (51.1%) and African American (41.2%) patients. The PROMISSE cohort (83.7%) and the APS cohort (75.9%) were primarily white, while the Jamaican cohort consisted almost completely of patients of AfroCaribbean descent (95.8%) ❚Table 1❚.
Among the five groups of patients, thrombotic (79.3%) and obstetric (57.1%) manifestations were very frequent in the APS group, while obstetric manifestations (71.7%) were most frequent in the PROMISSE cohort. There were no thrombotic or obstetric manifestations in the control group of patients. Thrombotic manifestations occurred with more frequency in the Hopkins SLE cohort (38.4%) compared with the PROMISSE cohort (17.4%), while both obstetric and thrombotic manifestations occurred more frequently in the Hopkins compared with the Jamaican SLE cohort.
Antiphospholipid Antibody Prevalence
In the entire population, the prevalence of anti-PI IgG/IgM positivity was 67.0% (367/548), anti-PS IgG/ IgM positivity was 52.9% (290/548), APhL IgG/M positivity was 27.6% (151/548), aCL IgG/IgM positivity was 25.2% (138/548), and anti-β2GPI IgG/IgM positivity was 19.5% (107/548) ( Table 1) . Overall, the IgG isotype of each given aPL was more prevalent than the IgM isotype with the exception of anti-PS. As expected, the prevalence of the various aPLs was generally greatest in the APS cohort while generally lowest in the control cohort. IgG anti-PI (32.1%), IgG aCL (28.6%), and IgM anti-PI (14.3%) occurred with relatively high frequency in the control group compared with other aPLs. Clinical information for control patients who tested positive in aCL or anti-PI assays is provided in Supplementary Table 1 . The prevalence of all aPLs was greatest in the PROMISSE cohort, while the frequency in both SLE cohorts was relatively similar. The overall prevalence of anti-β2GPI antibodies was lower than that of aCL across almost all cohorts, the major exception being the PROMISSE cohort, in which IgG and IgM aCL prevalence was 17.4% and 9.8%, respectively, and IgG and IgM anti-β2GPI prevalence was 40.2% and 33.7%, respectively. APhL positivity was more frequent than anti-β2GPI positivity in general, even in the PROMISSE cohort. Both anti-PS and anti-PI also occurred with greater frequency compared with anti-β2GPI in almost all cohorts (Table 1) .
There was a varying strength of quantitative and qualitative associations among assays ❚Table 2❚. Most correlations were moderate (>0.4-0.6) or fair (>0.2-0.4), with fewer at the extremes of correlation strength being strong (>0.6) or poor (<0.2). Quantitative correlations were generally greater than qualitative, and the correlations among IgG assays were greater than among their IgM counterparts. The strongest correlations occurred among anti-PS, APhL, and anti-β2GPI assays, with several being greater than a coefficient of 0.6. The anti-PI assay had notably poor correlations with the other assays, particularly comparisons made among IgM assays.
Clinical Associations of Antiphospholipid Assays
IgG aCL (OR, 2.4; 95% CI, 1.4-4.1; P = .006) was the only assay positively associated with arterial thrombosis. In contrast, IgG aCL (OR, 4.0; 95% CI, 2.4-6.6; P < .001), IgG APhL (OR, 2.7; 95% CI, 1.7-4.4; P < .001), IgG anti-β2GPI (OR, 2.4; 95% CI, 1.4-4.3; P < .001), and IgG anti-PS (OR, 2.0; 95% CI, 1.2-3.1; P = .006) were all significantly associated with venous thrombosis. Similarly, the IgG isotype of all the aPL assays was associated with the presence of at least one form of aPL-associated pregnancy morbidity. However, IgG APhL was the only assay that was associated with both preterm delivery due to preeclampsia, eclampsia, or placental insufficiency (OR, 2.0; 95% CI, 1.1-3.7; P = .032) and recurrent miscarriage (OR, 2.5; 95% CI, 1.6-3.9; P < .001). There were very few significant associations between positivity in the IgM isotype of any given aPL and the APS-related thrombotic or obstetric clinical manifestations ❚Table 3❚.
The association of IgG assays with various thrombotic and obstetric manifestations was evaluated further by categorizing positive assay values as low, moderate, or high ❚Table 4❚. For all IgG assays, the association with at least one clinical manifestation was greater at medium or high positive levels compared with low positive levels. For several assays, significant association with a thrombotic or obstetric manifestation occurred only at medium or high positive levels. The progressively increasing strength of clinical associations with higher positivity levels was most notable with reference to venous thrombosis, and the most profound effect of increasing levels was seen with the IgG aCL assay. Paradoxically, for both the association of IgG anti-β2GPI with obstetric manifestations and IgG APhL with arterial thrombosis, there was a significant association at low positive levels but none at moderate or high positive levels. A correlation between assay titer and strength of association was not seen for the IgM assays.
In multivariate logistic regression analyses, only IgG aCL was significantly associated with arterial thrombosis (OR, 2.3; 95% CI, 1.4-3.8; P = .001) and IgG APhL with preterm delivery due to preeclampsia, eclampsia, or placental insufficiency (OR, 2.0; 95% CI, 1.1-3.8; P = .035). Both IgG aCL (OR, 3.5; 95% CI, 2.1-6.0; P < .001) and IgG APhL (OR, 2.0; 95% CI, 1.1-3.4; P = .016) were independently associated with venous thrombosis. Both IgG anti-PI (OR, 1.9; 95% CI, 1.3-2.8; P = .002) and IgG APhL (OR, 1.9; 95% CI, 1.2-3.1; P = .009) were independently associated with miscarriage. To determine the clinical associations of noncriteria aPL independent of the effect of criteria aPL assays, association analysis was 
Analytical Performance of Antiphospholipid Assays
The analytical performance characteristics of the aPL assays are shown in ❚Table 5❚. As was true for the association with clinical manifestations, overall, the IgG assays had better analytical performance characteristics than their IgM counterparts. The aCL, anti-PS, and APhL assays performed relatively equally well across various clinical manifestations; however, the IgG aCL assay performed slightly better in identifying thrombotic APS manifestations and IgG APhL and IgG anti-PS slightly better in identifying obstetric APS manifestations. IgG aCL sensitivity (31.4%-40.4%) and specificity (83.5%-86.2%) for thrombotic manifestations were slightly better than IgG anti-PS sensitivity (28.6%-37.7%) and specificity (76.3%-78.8%), as well as IgG APhL sensitivity (25.7%-36.8%) and specificity (80.4%-83.4%). The opposite was true for obstetric manifestations as IgG APhL sensitivity (29.9%-31.4%) and specificity (81.3%-85.3%) for these manifestations as well as IgG anti-PS sensitivity (31.0%-33.3%) and specificity (77.1%-79.8%) were slightly higher than IgG aCL sensitivity (21.3%-25.5%) and specificity (83.5%-84.7%).
While the anti-PI assays had the highest sensitivity (41.2%-59.2%) across all manifestations, these assays also displayed significantly lower specificities (54.1%-60.7%) across the various manifestations compared with all other assays. Conversely, while the IgG anti-β2GPI assay had low sensitivity (16.2%-23.7%) across all manifestations compared with the other IgG aPL assays, this assay also had the highest specificity (88.2%-90.8%). Overall, IgG aCL had the highest PPV (31.1%-43.3%) and NPV (83.7%-84.6%) across thrombotic manifestations, while IgG APhL had the highest PPV (16.0%-52.0%) and NPV (69.5%-91.3%) across obstetric APS manifestations. There was little difference with respect to PPV and NPV for particular manifestations across IgG and IgM counterparts of assays.
ROC plot analysis was used to compare the accuracy of the various assays for the detection of thrombotic and obstetric manifestations in our patient population ❚Table 6❚. Similar to other markers of assay performance, the AUCs for IgG assays were generally higher and more significant. Overall, the AUCs for all assays of a given isotype were very similar with overlapping CIs. However, the AUCs in relation to a particular thrombotic or obstetric manifestation were significant for some but not all assays. For thrombotic manifestations, all IgG assays except IgG aPI had significant AUC values. Similarly, for obstetric manifestations, IgM anti-PS, IgM anti-β2GPI, and all IgG assays except IgG APhL had significant AUC values. 
Discussion
The presence of aCL, anti-β2GPI, and LA is associated with the presence of thrombotic and obstetric manifestations commonly seen in APS, and so they are included in current classification criteria for the disease. Pathologically relevant antibodies induce several pathophysiologic changes in patients with APS and so are useful tools for identification of these patients, especially because typical APS-related clinical manifestations have many possible causes. 20 Due to its high sensitivity for identifying APS, the aCL assay is an ideal screening tool, but its relatively low specificity translates into a number of false-positive cases. Conversely, the anti-β2GPI assay has shown quite good specificity but lower sensitivity for the diagnosis of APS. However, newer aCL and anti-β2GPI assays, especially automated formats, have resulted in improved performance characteristics in both cases. 3, 21 In addition, while LA is the best predictor of the occurrence of thrombosis or pregnancy-related morbidity in patients with APS, the many logistical difficulties and specialized conditions necessary for an optimal test make it less than ideal as a diagnostic assay. 2, 22 Several noncriteria assays have been developed over the past 30 years, and one major group identifies antibodies to negatively charged PLs. Anti-PS and anti-PI occurred with the greatest frequency in our patient population, approximately two to three times that of APhL, aCL antibodies, and anti-β2GPI antibodies. This predominance of anti-PS and anti-PI occurred especially in the PROMISSE cohort, a study of pregnancy outcome in SLE and/or aPL-positive female patients. The high frequency of anti-PS and anti-PI antibodies in patients with recurrent pregnancy losses 7, 23 and autoimmune disease 5, 24, 25 has been previously documented. Interestingly, while the APhL assay identifies antibodies against a mixture of PL antigens-namely, phosphatidic acid and phosphatidylserine-their prevalence was usually less than anti-PS and anti-PI assays. This may indicate that the APhL assay mixture does not allow for the exposure of all epitopes that allow for antibodies to bind to phosphatidylserine in isolation.
The aCL and anti-β2GPI antibodies both performed exceedingly well in identifying patients with thrombotic manifestations, with IgG aCL being the only assay significantly associated with arterial thrombosis. These assays also identified patients with pregnancy-related morbidity, which reinforces their inclusion as laboratory markers for APS diagnosis and classification. While antibodies directed against PA, PI, and PS have been reported to occur in patients with APS, their inclusion in diagnostic and classification criteria remains controversial. There is evidence that testing for these antibodies may help to identify women with recurrent pregnancy loss. 7, 8, 23, 26 Indeed, the high prevalence of anti-PS and anti-PI assays in our patient population and their strong statistical association to recurrent miscarriage are highly suggestive of their usefulness in this regard. However, there are conflicting reports of the usefulness of these assays independent of aCL and anti-β2GPI with respect to identification of APS. 27, 28 The absence of association of these antibodies, with the exception of the IgG APhL and anti-PS assays, with either venous or arterial thrombosis seems to be in line with these assertions.
The noted broad overlap of antibodies that recognize cardiolipin and other negatively charged phospholipids is likely the cause of the limited clinical utility of this group of noncriteria assays when criteria assays are negative. However, it should be noted that while there was no statistically significant association between noncriteria aPL and clinical manifestations in the absence of The independent association of anti-PS with recurrent spontaneous miscarriage has been noted previously. 26 To our knowledge, our study is the first to evaluate the effect of increasing antibody titers along the full analytical range in noncriteria assays that recognize negatively charged phospholipids. A previous study using progressively increasing cutoffs based on percentile distribution among controls showed that IgG anti-PS, in addition to IgG aCL, showed increasing risk of obstetric morbidity with increasing titers. 26 We show that the risk for thrombotic and obstetric manifestations increased with increasing titers of not only criteria aCL and anti-β2GPI assays but also noncriteria APhL, anti-PS, and anti-PI assays. This is perhaps quite notable given the recent development of scores using serologic biomarkers, including autoantibody profiles, to predict risk for thrombosis and obstetric manifestations in APS and other aPL-related diseases. 29 The use of these noncriteria assays in such risk scores, however, would require much more detailed characterization, including improvements in assay standardization, which has been an issue plaguing most aPL assays. 30 There are reports of significant differences in the performance of negatively charged phospholipid assays from different manufacturers when used to evaluate the same patient population. 28 Any meaningful progress in the evaluation of the risk associated with increasing titers in these assays and assigning clinically relevant ranges would require consensus guidelines on assay design and the development of international reference material.
The aCL, anti-PS, and APhL assays performed relatively equally well in terms of their sensitivity and specificity for the identification of both thrombotic and obstetric manifestations. However, the slightly superior performance of aCL in identifying thrombotic manifestations and of anti-PS and APhL in identifying obstetric manifestations highlights once again their clinical usefulness in these respects. It is also interesting to note that positivity for antibodies to prothrombin complexed to phosphatidylserine, which overlaps strongly with LA activity, is an independent risk factor for thrombotic and obstetric APS clinical manifestations. 31 There is physiologic evidence underscoring this association of negatively charged antibodies with pregnancy-related morbidity. Anti-PS antibodies inhibit trophoblast development, syncytiotrophoblast formation, and human chorionic gonadotropin production while heparin, which is useful in the prevention of APS-related obstetric disease, has been shown to reduce binding of anti-PS to placental tissue. 32 The anti-PI assay identified the most patients with both thrombotic and obstetric manifestations with very high sensitivities, but this was coupled with a similarly dramatic drop in specificity, suggesting this assay is not likely a good candidate for inclusion in APS diagnostic or classification criteria. This low specificity, coupled with the discrepancy of quantitative and qualitative agreement noted in pairwise comparisons of anti-PI with other assays, may point to an inappropriate cutoff in this assay requiring a reappraisal. The relatively high prevalence of both IgG and IgM anti-PI in the control group underscores this consideration. While both the anti-PS and APhL assays performed well in identifying certain thrombotic and obstetric manifestations, APhL was the only assay to identify patients with preterm delivery due to preeclampsia, eclampsia, or placental insufficiency. The reason for the difference in the performance of these assays is unclear, but perhaps, as we suggest above, the interaction of the PLs in the APhL antigen mixture may not allow for the exposure of epitopes that bind clinically irrelevant aPL with respect to obstetric manifestations of the disease.
Major strengths of our study included the use of a large group of well-characterized patients of diverse disease background, all relevant to APS, as well as the meticulous fashion in which clinical data and samples were collected for patients in these various cohorts. Therefore, we were able to assess the importance of aPL in several clinically relevant subsets of patients. Since APS classification criteria require the presence of LA, aCL, or anti-β2GPI and so introduces inherent bias into any study of this kind, we chose to assess the diagnostic performance of the various assays with respect to APS manifestations rather than the diagnosis of APS itself. We recognize, however, that our study is limited by the fact that it is cross-sectional in nature and cannot provide data as robust as could be obtained with longitudinal studies. We were also unable to adjust our results against confounding variables related to the risk for thromboembolic events and pregnancy morbidity. Finally, since we did not have access to LA results for all patients, we were not able to fully evaluate the role of noncriteria antibodies in the absence of current APS laboratory criteria.
Based on our findings, the APhL and anti-PS perform well in identifying both thrombotic and obstetric manifestations similar to the performance of criteria assays. The anti-PI assay performed well in identifying only particular APS-related obstetric manifestations with particularly high sensitivity but was plagued by equally low specificity. We provide preliminary evidence that the increasing titer of APhL, anti-PS, and anti-PI could indicate an increased risk of thrombotic and/or obstetric APS-related manifestations, but further standardization of these assays and large prospective studies are necessary to fully characterize their clinical utility. Our study does not provide confirmation that the identification of antibodies to negatively charged PLs would add to the performance of current APS classification criteria. However, we note that several noncriteria assays had superior performance to criteria assays with reference to one or more clinical manifestations. The use of each noncriteria assay as a biomarker for particular APSrelated clinical manifestations may be an appealing future approach. 
